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Abstract 




EXHIBIT 

1 



This study is focused on development of a nitrogen monoxide (NO) sensor capable of orierB$Oj|in harsh environments, as exemplified by 
automotive exhaust streams. The basis of the sensor is a mixed potential response generated ^exposure of gases to a piatmum-yttria 
stabilized zirconia (Pt-YSZ) iin^rfto. TTie asymmetry between to 

with a zeolite, which helps promote the NO/NOa equilibrium prior to die gases reaching ^e|egtrochemically active interface. The mixed 
potential generated is logarithmically related to NO concentration (<M000 R)m)^1^errtu^s between 500 and 700 °C, the optimum 
temperature being 500 °C The microporosity of die zeolite makes it permeable to oyygen|ausa Fiinimiz i ng the interference to O* The sensor 
shows interference from GO and NQ2. Three sensor designs have been examined, jn^^^ a plfuW design diat can be packaged appropriately 
for surviving automotive exhaust streams. Automotive tests indicate that ^sensor^^wble of detecting NO, in engine exhausts. 
© 2001 Published by Elsevier Science B.V. .|L 

Keywords: Zeolite Y; Yttria stabilized zirconia (YS?) sensors; Infrared spectroscopy ffilti^^ft'fr*' , fxkr'lf i-Crf/^ 
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Processes that involve combustion of fossil fuels produce 
various emission gases such as nitrogen oxides (NO*)! 
carbon monoxide (CO), carbon dioxide (CO2), hydrocar- 
bons (GiH2»+2, referred to as HQ, and sulfur oxides (! 
[1]. These combustion sources can include gas 
furnaces, power plants, and internal combustion ei 



chromatoiraphy have been used to measure NO x species, 
ve the disadvantage of large size and cost [5-7]. 
3JteIjose of high-temperature solid state gas sensors to 
emissions in combustion related processes show 
Wiarcsf promise due to small size, lower cost, and real-time 
capabilities [8]. 
^Of particular interest to this study is the class of sensors 
^*'*'based on mixed potential measurements. [9,10]. If several 




oxicfe 



Other anthropogenic sources of these gases can arise fronT^l 



non-combustion sources, an example being 
NO, in chemical plants during nitric acid 
chemical nitration with subsequent venting into r' * 
sphere via stacks [2]. NO, includes several 
species, N 2 0, NO, N 2 Oj and NO* with nitrogen in < 
oxidation states and their impact on the en^nonrnent&nd 
health has been well documented [3,4^ T^^,|pbWal 
regulations for automotive and power p^fenusstons have 
been instituted, lb control these gas emissions, monitoring is 
essential. Various instrumental nwthod%such ajr infrared 
(IR) spectroscopy, chemilurmnescen^e o^el^on, and gas 
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electrochemical reactions occur simultaneously on an elec- 
trode, the rates of these individual reactions determines the 
overall electrode potential and is referred to as the mixed 
potential (or corrosion potential in the corrosion literature). 
Often, a mixed potential sensor is composed of a solid 
electrolyte that is an oxygen ion conductor such as yttria 
stabilized zirconia (YSZ), and reactions involve oxidation/ 
reduction of the sensing gas. For mixed potential systems, 
the voltage does not obey a Nernstian response with con- 
centration of O2, indicating a kinetic-based origin of the 
mixed potential Bruser et al. presented one of the earliest 
papers on NO, determination with asymmetric electrodes 
(Pt and perovsldtes) on YSZ [11]. Miura et al have exam- 
ined various strategies for NO, sensing using zirconia based 
mixed potential sensors. Their focus was to evaluate a series 
of metal oxide electrodes and found that several spinel-type 
oxides, including CdCr^ and CdMn 2 0 4 exhibited high 
NO, sensitivity 112-14]. 
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A class of compounds called zeolites show promise for 
use in harsh environment gas sensors. Zeolites are crystal- 
line, micropoious, hydrated aluminosilicates of interlinked 
SiO* and A10 4 tetrahedra, in an infinitely extended three- 
dimensional network [15]. Zeolites have been used as 
catalysts for many reactions and in particular for the removal 
of noxious constituents present in automobile exhaust [16]. 
There have also been several accounts of utilizing zeolite 
materials for gas sensing at high-temperatures. For example, 
CO detection at 300 °C was accomplished using Au-La^CV 
Sn0 2 covered with a layer of the zeolite, fenierite [17]. The 
addition of the zeolite served as a catalyst filter to allow 
selectivity for CO in the presence of H*, CH* C2H4, /-C4H 10 
and C2H5OH. Zeolites deposited on a quartz crystal micro- 
balance (QCM) have been utilized as sensors for gaseous 
molecules, e.g. Cu-ZSM-5 was used to detect NO in He at 
348 K [18]. A similar study done at 423 K involving a thin 
layer of the zeolite f aujasite on a QCM detected SO* in the 
presence of O2 [19]. 

The purpose of this study was to develop a high-tem- 
perature NO sensor, without the need for an air reference, 
and with minimal interference by changing O2 concentration 
and a simple design. We accomplished this objective by 
using YSZ packed or coated with a layer of micropoious 
zeolite Y. 



powder (HSY-8, Zirconia Sales Ioc M i|B mcpr YSZ). The 
pellet was formed in a stainless steel <fii(^ffw Inc.) under 
10,000 psi on a Carver pellet press. T^.^ti^et was put 
onto an alumina plate and sintered fn a Lin<Jberg Blue high- 
temperature box furnace at I450|c for 6 h%ith 6 °C/min 
heating and cooling rates. The finfitegcllet dimensions were 
approximately 9 mm diameter p|^3tt^lickness and had a 
white color. Pt ink (Engldiard6OTpl%n, lot #A4731) was 
painted on both sides of jjhe pellet Jand Pt lead wires 
(Englehard Corporation, 31 ^l^pixe set into the wet 
Pt ink. The ink was thea^<ptd"in a Lindberg Blue box 
furnace at 1250 °C for 2$ wra 3^0^ cooling rate of 
6 °C/min. The resulting l^ttSto had a metallic grey color. 
The pellet was then mmmfe#^n^) an alumina tube (Coots 
Ceramics), approximately 1 inch in length, with a high- 
temperature inorgaS^ adhesive, Ceramabond 569 (Are- 
mco). Thus, one lead w^i^as on die outside of the tube 
and the other wire on the inside. The Ceramabond was then 
left to dry forJ#2h&ywm temperature. The purpose of the 
tube is to hojdzeolite powder, which was then packed on the 
inside as Wit^par tfae&lectrode. After final assembly the 



sensor wapjwti 
to thern$&lly 



2. Experimental 

2.1. Sensor designs 

Three sensor designs based on the same principle were 
tested. The first (type I), displayed in Hg. 1, consisted of a/ 
YSZ pressed pellet with Pt electrodes mounted onto 
alumina tube packed with zeolite NaY (LZY-52 from Unibn 
Carbide). The YSZ pellet was made from commercial ~"~ 

§H0 



dectrtkles 



approximately 

wit 

si&Llar 





furnace at 5 00 °C for a few hours 
before testing. 
sens£nr design (type IQ (Fig. 1), consisted of a 
W 8 mol% YSZ (Vesuvius McDanel), 
mm length, 6 mm o.d., 4 J5 mm Ld, cut 
rod saw (Leco). Pt electrodes were prepared in a 
as die type I design. After the sensor body 
prepared, zeolite NaY powder was packed into the 
inside as |to cover the inside electrode. The final sensor 
thenf heated at 500 °C in a tube furnace to achieve 
^Equilibrium before testing, 
third design (type ED) (Hg. 1 consisted of a YSZ 
with two Pt electrodes on die same side (planar 
iture) with one of the Pt electrodes coated by a layer 
lite. The YSZ pellet and electrodes were prepared 




YSZpetteT Aluntitiatube 



Pt electrode 




Zeolite layer 

■* 



Si" 



YSZ 



Type III 

Hg. 1. Schematic representation of the three types of 
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136 using the same materials and method as die type I design. A 

137 viscous zeolite paste was prepared by mixing zeolite NaY 
13S powder with terpineol solvent The paste was applied with a 

139 paint biush over one of the Pt electrodes. After the paste 

140 application the sensor was heated in a tube furnace at 500 °C 

141 for 2 h to evaporate the terpineol solvent and stabilize the 

142 coating. 

143 2.2. Sensing apparatus 

The gas sensing experiments were performed within a 
quartz tube located inside a high-temperature tube furnace 
(Lindbeig Blue model). The sensor rested on a quartz base 
while the two sensor wires were connected to two Pt wires 
threaded onto the quartz tube, which led outside the furnace. 
The tube furnace was used to heat and cool the sensor at a 
programmed rate as well as maintaining at a temperature 
between 500 and 700 °C depending on the experiment. Air, 
N 2 and combustion gases such as NO (2000 ppm source 
tank), NO2 (1000 ppm source tank), and CO (2000 ppm 
source tank), were metered through Siena brand mass 
flowmeters to form gas mixtures of various compositions, 
with a volumetric flow rate of 100 cmVrain. The voltage 
output of the sensor response to changes in the gas con- 
centrations was monitored by a Hewlett-Packard multimeter 
(34401 A) and recorded by Hewlett-Packard Benchlink soft- 
ware on a Windows Pentium based PC. 



competing reactions at the Pt-YSZ 
to NO/O2 are 

->NQi + 2e- 
>2&- 



face upon exposure 
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3. Results 

The sensor design developed in this study is based on the 
well-known principles of mixed potential generation 
exposure of a Pt-YSZ interface to NO [8,9]. The 



NO + O 2 - 
02+4e~- 

Using these reactions as the bpp 
sensing strategy outlined be^flflk wiA sensor results, 
interference effects, novel gpnsor de%ns and testing of 
sensors in automotive exhaulta v J 

3.1. Sensing strategy 

Fig. 2A shows a dps^4^,fube of YSZ, where it is 
possibtetoexposed#f% 

of the tube) to difl^nt gas environments. Pig. 2B and C 
show die potentials gen«i^betwcen die two electrodes at 
500 °C for a fixed O2 (39$ inside the tube, whereas die 
outside enviro$p$|,ia varied from NO (800 ppm) to NO 
(800ppm) +Mh (1% ppm) in a background of 3% Oj. 
Upon intro^Jion oflfOj, the signal changes from -21 to 
-10 mV. pf $%$S5*se in addition to the reactions (1) and 

reaction: 

also Occurs, thu£ altering die mixed potential. Thus, if an 
asyjiSSjP^ of NO/NO* is created on two sides of a Pt-YSZ 
simple, 1 t^oiild lead to a potentiometric signal and is the 
tiftb for the'sensing strategy developed in this paper. 

ofNO/02 on zeolites 




u Zeolites are microporous aluminosiHcates with high inter- 
Itaal sflface area and porosity. We have examined zeolite Y, 
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Hg. 3. Schematic representation of a supexcage of zeolite Y. 

195 which is made of interconnected supercages of 13 A sharing 

196 7 A windows (Fig. 3). For this study, the Na + exchanged 

197 form of the zeolite was used and is labeled, henceforth, as 

198 NaY. The reaction of NO on zeolite Y in 3% O2 was 

199 analyzed by chemiluminescence techniques. Upon passing 

200 1000 ppm NO through NaY at 500 °Q it was noted that the 

201 chemiluminescence signal decreased by 11 ±3%. There 

202 was no evidence of N 2 or N 2 0 formation by gas chromato- 

203 graphy, indicating that NO is being oxidized to NO2 upon 

204 passing through the zeolite. In the absence of zeolite, under 

205 identical conditions of temperature and reactor, the decrease 




the zeolite 
ice and was 



in NO signal was on die order of 1 
provides a medium to alter the N 
incorporated into die sensor design. 

5.5. Sensor design 
Fig. 1 shows the three sensor 



that we have 

investigated. In developing these deigns, the strategy is 
to build asymmetry between foe two Ptf lectrodes by cover- 
ing one of the electrodes wBJWtffe 4A shows die 
responses of a blank (na^NaY^ting) and NaY coated 
planar (type III) senso^S^M^pm NO in 3% O* It is 
evident that the presei 
towards NO. All 
vior towards NO, as 
(type I) design, 
zeolite layer, it 



deti 



becomes 



' causes an enhanced signal 
pigns showed similar beha- 
anstrated in Fig. 4B for a tubular 
bf the asymmetry provided by the 
possible to expose the corajridte 
sensor to the sensing gases Without the need for a reference. 
Fig. AC compp^ a^ensitivity plots for the three designs. 
The voltagejbllows a linear dependence with the logarithm 
of the NQ j^^ntra^on. Hie reproducibility of sensor 
k Wi^i by the insert in Kg. 4C for data 
i^nyhrop planar sensors where the signal varia- 
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Fig. 4. (A) Sensor response for type nf sensor with and without zeolite and exposed to NO between 0 and 800 ppm. (B) Sensor response for type II sensor. 
(Q Comparison of type I-HI sensor responses to JNO (insert shows the standard deviation of the data obtained from three different type m sensors). All data 
at500°C. & 
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Fig. 5. (A) Air reference sensor diagram. (B) NO calibration curvet for varying Oj cotKcotrtUoot 
r with varying O3 coocentrations. AH data at 500 °C 
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227 tion for one standard deviation is shown. The variations are 

228 likely due to factors in the fabrication process, including the 

229 size and thickness of the Pt electrodes, and the zeolite film 

230 thickness. 

231 3.4. Interference effects 

232 3.4.1. Oxygen 

233 Since YSZ is an oxygen ion conductor, any imbalance o; 

234 O* on the two Pt electrodes will alter the baseline. This 

235 demonstrated by using a YSZ closed-end tube type 

236 (Pig. 5 A) with an air reference where die oxygen insi 

237 tube is at 21%, whereas die outside of the sensor is e*. , 

238 to NO (100-1000 ppm) at varying oxygen levels similar ti> 

239 combustion environment Pig. SB shows the NO califtation 

240 curves for this sensor. If a similar experiment is cjdne 

241 zeolite-based sensor (e.g. type II in Kg. 1), the^$8b»oa 

242 curves collapse to approximately the same lip. 



demi 




for a type II 







usWn!%nt die level of Oj at both Pt electrodes is 
iJy because the microporosity of zeolite 
transport to the underlying Pt electrode, 
station of the same effect can be seen in 
/Fig. 4A with die planar sensor (type HI), where changing O2 
t levels does not alter the background signal. 

Carbon monoxide 

6A shows the calibration curves obtained with CO 
m~A^ sensor type H and its dependence on the Oi concen- 
*fS$txm of the background gas. There is a strong signal from 
3 due to the electrochemical reaction: 

CO + O 2 - -*C»2 + 2e- (4) 

However; die slope of die calibration curve, which is a 
measure of sensitivity, decreases with increasing O2 con- 
centration. Pig. 6B shows the sensor trace to both CO and 
NO in 21% O2, where die sensor appears to be almost 
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Fig. 6. (A) CO cahbratton curve* obtained wit| varying d concentrations. (B) Comparison of CO and NO sensing responses at 21* Oi and 500 °C 
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Exhaust 

Fig. 8. Schematic of a protot^es^uist i 
the probe. 




assembly and a picture of 



260 insensitive to CO. Our explanation for die gradual decrease 

261 in CO signal with Q2 is that the CO gets oxidized on the Pt 

262 surface at the higher background 0 2 levels, before it can 

263 reach die Pt-YSZ interface for the electrochemical reaction 

264 and the oxidation product CO2 is electrochemically inactive. 

265 3.4.3. Nitrogen dioxide 

266 Fig. 7 compares the potentiometric response of a planar 

267 sensor (type TO) to 400 ppm NO and 400 ppm NO+ 

268 100 ppm NO2 in 3% Oa at 500 °C. It is clear that in the 

269 presence of NO* the signal for NO is considerably dimin- 

270 ished, indicating significant interference. 

271 3.4.4. Temperature effects 

272 Using the sensor type I in Fig. 1, we measured the NO ^ 

273 response in a fixed 63 concentration (5%) at temperatures / 

274 varying firam 500 to 700 °C This temperature range wjL. / 

275 chosen because YSZ begins to show significant ionic cod- v ^ 

276 duction only above 450 °C and zeolite Y retains a cry stap 

277 structure up to 750 °C It was observed that the sensitivity off 

278 die sensor decreased with increasing temperature with" 

279 tuaHy no sensor response at 700 °C We propose dimini 

280 adsorption of NO at the triple points on die Pt-YS^tesfa 

281 at higher temperatures. This temperature 

282 consistent with previous measurements, e.g. 

283 electrodes on YSZ, significant loss of NO 

284 600 °C was reported [13]. / 
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Fig. 9. Layout^ 

engine, V-8 

way catalyst 

/ 
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exhaust sensing set-up (dyna, dynamometer, 
FITR, Fourier transform IR; TWC, three- 




ihment sensing 





285 

in NO sensors arises because of their possible 286 

in high-temperature combustion 287 

particular interest to die community is sensing 288 

ions from automotive engines. Because of die 289 

and the presence of high flow rates and 290 

in the exhaust, the sensor needs appropriate 291 

The planar sensor (type HQ lends itself to a 292 

packaging design that can survive die harsh envir- 293 

Fig. 8 shows how the planar sensor has been 294 

into a spark plug probe along with a picture 295 

g^the sensor assembly, lb improve the mechanical stability 296 

of the zeolite layer in a high flow environment a zeolite 297 

pellet was placed on top of the zeolite powder and bonded to 298 

the YSZ pellet around die edges with Ceramabond. This 299 

sensor was tested in an automotive engine set up shown in 300 

Fig. 9. An on-line IR analyzer was used to verify die sensor 301 

response. The level of NO in the emission was altered by 302 

adjusting the engine speed and a typical NO emission profile 303 
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Fig. 10. <A)»gasj 



r response for NO to five engine throttles. (B) Sensor response for the same five engine throttles. 



ARTICLE IN PRESS 



NS. Szpbo tt aL/Sauon and Actuator* B 4142 (2001) 1-8 



304 asineasuredbytbelRisahowniiiFig.lOA.Ttaou^utof 

305 &e NO sensor is plotted in Fig. 10B and the peaks follows 

306 similar time profile -as the IR output (except for event 2, 

307 where no response of the NO sensor is observed). These 

308 prehminary data are encouraging, in that the sensor packa- 

309 ring survived repeated tests. The response time of the sensor 

310 £ wmparable to that of the IR detector. There is a delay in 
the lesponse of the IRdue to the length of the gas transfer 
line wbichlccounts for the small absolute time difference ui 

313 the sensor and IR signals. The temperature of the exhaust 

3,4 strem fluctuated as the engine speed was altered and could 

315 be responsible for the changing backgrounds. Heating of the 

3 ,« YSZ tVminimize the effect of the temperature fluctuations is 

317 currently being investigated. 



bias voltage to the sensing electrode 
electrode, while measuring the vol 
reference electrode [13,24]. 

An advantage of the zeolite-b 
NO response is relatively insensi 
in the gas stream, over die Oj c 
mis study (1-10*)- This arises 
zeolite, which allows f or the p* 
interface. A part of the oxygenjeacts 
but considering the significanfc«cess 
concentration change ' 



ivel&f a Pt counter 
Ive to a Pt- 




the fact that 
to chanflng Oi profiles 
examined in 
nature of the 
.fOitothePt-YSZ 
NO to form NO* 
^OioverNO.meOa 
Another strategy for 



318 4 Discussion 

Potentiometric sensors that exploit the differences in 
mixed potential between two electrodes for gas sensing 
have been extensively studied. Usually, the strategy is to 
use two different electrodes for providing asymmetry and, 
hence, a measurable EMF response upon NO introduction 
[9 101. The strategy that we have proposed here is to use two 
similar Pt electrodes, but provide asymmetry via a chemical 
reaction that alters the species interacting with ^ two 
SeSrodes. Our choice of zeolite to alter the NO/NO a 
balance was based on several studies that show zeolites 
as catalysts for NO oxidation. The role of zeolites as 
catalysts for selective catalytic reduction of NO, has been 
extensively studied [20] and it has beer 
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denting NO in chirf^lp^is based on multielec 
w ^ ^--^S which diffusion-limited 



trade amperometric 

passage of gases to„n,uJti^ ^trodes held at different 
potentials ensures that 6%gen lets completely reduced at 
me first electrode, ^g||d by NO reduction at the second 
electrode [25]. ■ ■ •■ . ' 

Interference from CO can be significant, but under the 
lean conditioM^tesult in NO formation, the levels of CO 
should be sd&L Also%e fact that at high O, baclojrounds. 
the effect CO? interference is minimized due to 

^Ttei^^^f %og a catalyst to suppress interference is 
well AEriJjt the sensor literature. Ono et aL used a 



Na + /Sctof|lASICON) as the electrolyte and a WO3 
, catalyst layer to detect NO and NOa at 150 °C 

filters have been used to minimize cross species 
mrai^aJby chemically reacting the gas to undetectable 
fspecies [17]. Our strategy is somewhat different, since we 
hmxtriaaM* zeolite to promote the sensing characteristics 
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extensively swoieu «~ « ZiTCi^i^Ma f %niesJeolite-baaed sensor can also, be fabricated with 

reduction is enhanced in the presence of 0* JJg^/^^JgfSgBa, including a convenient planar design that 
studies have shown mat zeolites promote the oxidation off ^SYejai Design* •» j, „,,,„ ^ a9aem M V for 



■#$0- 



studies nave auuwu — 1 g 

NO to NO2, the latter being involved in subsequent decom| 
position reactions to * and O* Amongst the zeohtes Oat 
have been examined for NO to NOa oxidation are NaY, Jfe 
S-Th-ZSM-5, H-mordenite and Cu-ZSM-5 [2Q« 
AD zeolites that have been studied at temperatures 
of 400 °C were found to establish the NO/NO, "PM™** 

in an Oj environment ■ f" ' 

Chemiluminescence studies indicate that abodtl 
the NO is converted to NO* Bquilibrium jafcuTatons, 
[11.13] predict that at 500 °C, the ratio of NpyN%# 5? 
and 0.5% O, are 4.9 and 32, respectively whdreas at 3%02. 
we observe the ratio to be close to 8 mdi^ng tha| the 
zeolite is promoting the NO/NOj reaction^ tafyfa&&**- 
brium. Thus, with the zeotite coating, there is an asymmetry 
of NO^Oj profiles at me two Pt electrodes. This asymmetry 
leads to sensing of NO. However, thu^lso leads to toe 
observation that if NOj is present iii,u^se^ ? stouun land 
its concentration changes, then the NO^signal is altered. 
Ls. the present sensor system fo f <*™°* 

NO in gas streams where NOj .ebneenttation is also chan- 
ging Miura at al. have shown that by using# three-electrode 
system with chromates as the sensing electrode, selecttvity 
towards NO or NOj could bk^cconmlgihed by applying a 



QacoiTwrated into a spa* plug type assembly for 
4 ag NO in automotive exhausts. 
■mm a sensitivity standpoint, the zeolite-based sensor is 
phi as good as the best mixed potential sensors made by 
using two different electrode materials. Miura et J found 
that for a three electrode YSZ plate sensor, where aCdCr 2 04 
sensing electrode was polarized at 100 mV with respect to a 
Pt counter electrode, the sensing electrode signal versesa Pt- 
reference electrode gave a voltage change of around 30 mV 
for 200 ppm NO in air [13], whereas for a similar planar 
design (but without the applied voltage), the zeolite sensor 
produces a response of approximately 7 mV. The response/ 
recovery times of the present zeolite-based sensor for 
laboratory tests is of the order of 10 s, while it appears 
fester in the automotive exhaust tests, presumably because 
of much higher gas flows. 
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5. Conclusions 

By using a microporous aluminosilicate zeolite thatpro- 
motes the NO/N0 2 equilibrium at temperatures of 500 C 
and higher, an asymmetry was generated between two Pt 
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4 1 o electrodes on YSZ. This asymmetry led to a mixed potential 

4U signal, which was proportional to NO concentration (0- 

412 1000 ppm) with a logarithmic dependence. Hie sensor 

413 response was stable in varying 63 concentrations, but 

414 showed interference from CO and NO* The range of 

415 temperatures over which signals could be measured was 

416 500-600 °C with better sensitivity at the lower temperatures. 

41 7 Several sensor designs were tested, including a planar sensor 

418 that was packaged into a sparkplug type fitting and tested in 

419 an automotive exhaust assembly. The sensor response fol- 

420 lowed the NO concentration, with comparable response 

421 times as the IR detector. 



422 Acknowledgements 

423 We acknowledge the help from Professor Umit Ozkan for 

424 die chemiluminescence experiments. This research was 

425 funded by NSF grant EEC-9523358 and EMTEC (which 

426 is funded by the Ohio Department of Development). 



References 

428 [1] SB. Msnahan, Environmental Chemistry, 6th Edition, CRC Press, 

429 PL, 1994. 

430 (2] AX Lawrence, Nitrogen Oxide* Emission Control, Noyea Data 

431 Corporation, N7, 1972. 

432 (3] J.M. Dasch, Nitrous oxide emissions from vehicles, J. Air Waste 

433 Manage. Assoc 42 (1992) 63-67. 

434 [4] VL. Dawson, TM. Dawson, Physiological and toxicologic*! actions 

435 of nitric oxide in the central nervous system. Adv. Pharmacol. 

436 34 (1993) 323-342. 

437 [5] K. Klapchek, P. Winkler, Sensitivity loss of a NO, chemiiununescent $ 

438 analyser due to deposit formation, Atmos. Environ. 19 (9) (1985)/ 

439 1345-154*. # 

440 [61 PJC Falcone, R.K. Hanson, GH. Kroger, Tunable diode laser 

441 absorption messurements of nitric oxide in combustion gases,, 

442 Combust Sd. Ibchnol. 35 (1983) 81^89. / **% 

443 [7] &S. Hutte, RE. Sievers, Gas chromatography detectors 

444 ciwmihiiirinfgcfflce, J. Chromatogr. ScL 24 (1986) 499-5o£ " ; 

445 [8] W. Good O. Rdnhardt, M. Rosen, Trends in the 

446 solid state ampero metrlc and potentiometric high-ttm] 

447 sensors, Solid State Ionics 1367137 (2000) 519-531. 

448 [9] N. Mhna, G. Lu, N. Yamazoe, Progress in mixed 

449 devices based 00 solid electrolyte for sensing redox 

450 State lodes 1367137 (2000) 533-542. 
503 



[101 E H Garzon, R. Mukundan, BJ*. Brosha, 
gas sensors: theory, experiments and 
1367137 (2000)633-438. 
[11] V. Bruser, U. Lawrenz, S. Jakobs, RrJ 
determination with galvanic rirconja solid 
State Pbenom. 39/40 (1994) 269-r" 
[12] N. Miura, G. Lu, N. Yamazoe, tff 
potential type NO 
electrode, J. Electrochem. SocA 
[13] N. Miura, G. Lu, N. Yamsaoe, 
amperometric NO, 
mixed-metal oxide electrode, 
[14] N.Miura,aUM.Ono ? jjy 
using an amperometric aensor' 
electrode. Solid State " 



frmixed potential 
; Solid State Ionics 





Hasei, Mixed 
zirconia and oxide 
996) L33-L35. 



[15] 
[16] 



[17] 




a^tcooJi with 
B 52 (1998) 169-178. 
detection of NO by 
stabilized zirconia and oxide 
283-290. 



Sieves, Wiley, 1974, pp. 4-5J 
A review of NO* reduction on 
conditions. Fuel 76 (61 (1997) 



D.W. Breck, Zeolite $ 
P. Gilot, M. Guyofyjft 
zeolitic catalysts uh<fcr 
507-515. M^J 

K. Fukui. S. Hl^^^^tpuat based on Au-La^ added SnOj 
ceramics with siliceous zeoM coat. Sens. Actual B 45 (1997) 101- 
106. 

A. Harano, T. Okubo, M. Sadakata, Zeolite 
detection st high-temperature. Mater. 
(1997)297-302. 
Nishioka, M. Sadakata, T. Okubo, Synthesis 
and its application for SO3 sensing at 
Micropcc Mesopot Mater. 23 (1998) 287- 




[20] 




aw. Jen, NOa fbrmation over Cu-ZSM- 
catalytic reduction of NO, CataL Lett 26 ( 1994) 





p and the 

L iwfyfc^L Brenner, Active sites of H-ZSM-5 catalysts for the 
oxidation^ nitric oxide by oxygen, CataL Lett. 34 (1995) 151-161. 
J.G.M. Brandin, Ui. Anderaon, C.UX Odenbrand, Catalytic 
ion of NO to NQj over a H-mordenite catalyst, Acta Chem. 
44(1990) 784-788. 

GD. Led, WKR Sachtler, CO adsorption of nitrogen 
ride and nitrogen dioxide in reolitic De-NQ, catalysts, CataL 
Hf*. 28 (1994) U9-13a 
[24] jg. Zhulykov. T. Nakano, A. Kunimoto, N. Yamazoe, N. Miura, 
Potentiometric NO, sensor based on stabilized rJrcooia and NIQ2O4 
operating at higfc-temperatures, Electrochem. 
3 (2001) 97-101. 
SX Somov, G. Rdnhardt, U Guth, W. Gopei, Tubular amperometric 
high-temperature sensors: simultaneous determination of oxygen, 
nitrogen oxides and combustible components, Sens. Actual B 
65(2000)68-69. 

[26] M. Ono, X. Shimanoe, N. Miura, N. Yamazoe, Amperometic sensor 
based on NASICON and NO oxidation catalysts for detection of total 
NO, in atmospheric enviroziment, Solid State Ionics 1367137(2000) 
58M88. 




451 

452 

453 

454 

455 

456 

457 

458 

459 

460 

461 

462 

463 

464 

465 

466 

467 

468 

469 

470 

471 

472 

473 

474 

475 

476 

477 

478 

479 

480 

481 

482 

483 

484 

485 

486 

487 

488 

489 

490 

491 

492 

493 

494 

495 

496 

497 

498 

499 

500 

501 

502 



